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The current Booster lattice is studied in the context of foll chromaticity compensation in the pres-
ence of the sextupole fields generated by the combined function magnets. The sextupole excitation at vari-
ous energies, found from chromaticity measurements and Booster lattice analysis, was compared with mag-
netostatic multipole calculations. Both results agree very well and they are consistent with the original de-
sign specifications. Two families of correcting sextupole magnets are employed to compensate the sex-
tupole excilations and to adjust the chromaticity (in both planes) to a desired value, which is set by head-tail
stability consideration. A brief discussion of the Booster’s head-tail instability is carried out via the
Sacherer-Viasov formalism. Analysis of the required correcting sextupole strengths is carried out along the
momentum ramp with the measured sextupole excitations of the combined function magnets. The results of
our calculation give quantitative insight into the requisite performance of the sextupole magnets. It calls for
much stronger sextupole strengths — at the level which can no longer be supported by the present correcting
sextupole magnet design. Quantitative assessment of the effect of the stronger compensating sextupoles on
the dynamic aperture was carried out in terms of the distortion functions. The requisite sextupole configura-
tion does not significantly enhance the third order resonance stop-band — the dynamic aperture remains at ac-
ceplable level.

*Operated by the Universities Research Association, Inc.. under a contract with the U.S, Department of Energy



INTRODUCTION - BOOSTER LATTICE

Before we proceed with the chromaticity compensation analysis a brief overview of the current
Boosler lattice and its basic features is in order. The Booster lattice is made up of 24 identical FDOODFO
cells. As illustrated in Figure 1, the cell configuration: horizontally focusing magnet — short drift space -
horizontally focusing magnet — horizontally defocusing magnet — long drift space — horizontally defocusing
magnet, provides room for the RF cavities within the standard cells. Since the lattice half-cell is not sym-
metric, the beam size is different in each magnet and, consequently, the focusing strengths of F and D com-
bined function magnets are different. The magnets are assembled in 48 modules (two modules per cell).
Apart from the F and D magnets, each module consists of a choke, a capacitor bank, an ion pump, a set of
correction magneis and a beam position monitor. Two trim correction magnet packages are placed in each
period. Each package contains a horizontal dipole, a vertical dipole, a quadrupole and a skew quadrupole.
There are also two families of correcting sextupoles, but they are not considered a part of the correction

packages. All Booster corrections elements are air core magnets.

The nominal betatron frequencies in the horizontal and vertical planes are vy, = 6.7 and v, = 6.8, re-
spectively. Therefore, there are no second or third order structure resonances adjacent to the working dia-
mond. The lattice tunes are set by the quadrupole strengths of the combined function magnels {focusing and
defocusing). The corresponding quadrupole strengths are given by k; = 2.20 m™! and -2.77 m-1, As was
mentioned the Booster lattice includes two families of correcting sextupole magnets (horizontal and vertical)
placed at locations, where the corresponding beta functions (horizontal and vertical) reach maximum values.
One can see from Figure 2 that the horizontal sextupoles are placed in the short straight section of every
other cell, while the vertical correcting sextupoles are placed in groups of three in the long straight sections

of three equally spaced cells (cell 2, cell 10 and cell 18).
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Figure 2



As we will show in this study, more sextupole field is needed to compensate the net chromaticity to
the desired level set by head-tail instability present in the Booster. This calls for either stronger sextupole
magnets, or for larger number of correcting sextupoles (enhanced lattice). Both options are explored here.
Possible performance improvement of the present air core sextupole magnet (enhanced sextupole strength)
can be achieved by surrounding a sextupole magnet with an iron shell {to decrease the reluctance of the exle-
rior magnetic path). The maximum enhancement level is estimated using magnetostatic calculation assum-
ing an infinitely thick shell, The second option — putting additional sextupole correctors at various new lo-
cations, which have recently opened was also examined. Both options of stronger sextupole compensation
were studied from the point of their impact on the dynamic aperture. No significant second order distortions

effects were found, which supports our claim that one can safely add more sextupole field.



BOOSTER CHROMATICITY - LINEAR MODEL

The integrated sextupole strength, g, (or ), of an individual sextupole magnet of length L, in

Tesla/m (or in geometric units of m~2) is introduced as follows

L

Axi=—| = JLB”(I)dl x2=—
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where x, X’ are generic coordinates of a transverse phase-space (horizontal or vertical). Here B,p is the mag-

netic rigidity and B” is the second derivative of the vertical magnetic field with respect 10 x.

Apart from two families of correcting sextupoles, there are also additional sextupole fields con-
tributed by the 96 combined function magnets (F and D). The sextupole contribution from a combined func-
tion magnet is doe primarily (0 pole geometry and remanent magnetization. Detailed numerical modeling of

the multipole content of the F and D magnet geometries is presented in the next section.

For the purpose of our model, the sextupole content of each F and D magnet can be accounted for in
the Booster lattice by inserting identical zero-length sextupoles at five equally spaced locations along each
magnet. Significant variation of the horizontal and vertical beta functions along the F or D magnet (see
Figure 1) calis for distributed sextupole contribution, rather than a lumped sextupole inserted at the middle
of the magnet. A discrete five-point-configuration mocks-up sufficiently well continuous distribution of
sextupole effect in a realistic Booster magnet (further increasing of number of discrete points yields no
chromaticity change). The integrated strength of the sextupole can be conveniently expressed in terms of the

normalized sextupole strength, b, as follows
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Here 6,,,, is the bend angle of the combined function magnet.

The goal of the two families of sexwpoles (h and v) is to compensate the natural chromaticity, _)g".
in the presence of the F and D magnet sextupole excitations, S and Sy, to some desired value, x, (both in

the horizontal and vertical planes). The following definition of chromaticity is used

Av:xepE . 3

A
where Av is the tune shift corresponding to the relative longitudinal momentum offset Fp .

Assuming that the net chromaticity (in both planes) depends linearly on four independent sextupole
sources (S, Sy. Sp Spp) one can quite generally write down chromaticity in terms of eight sensitivity coef-

ficients. Using matrix multiplication this relationship assumes the following compact form

Ceaem [ [ %)
Z-Z' S\r SD N

Here, the underlined symbols denote 2-dim column vectors (lheir components correspond 1o the horizontal
and vertical planes). The bold face characters, M and D, represent two-by-Iwo matrices — on¢ can easily

identify the eight sensitivity coefficients with the elements of the two matrices. One can notice in passing,



that both M and D depend exclusively on the lattice properties. A generic sensitivity coefficient can be ex-

pressed in terms of the Twiss functions according (o the following relationship

1
My =5 2, B4 DY )
iv)

Here, the summation i(v) goes over locations of all sextupoles of a given family (v), where B*; and D* are
values of the beta function and dispersion at those locations (1 indicates either horizontal or vertical Twiss

functions).

Solving Eq.(3) with respect to the correcting sextupole strengths g (in Tesla/m) yields the following

formula

S
g:(Bop)M"l:_)_C - x° - D (SF)]. ©)
D

The above expression will be used to analyze the required sextupole strength as a function of changing mo-
mentum along the Booster ramp. The sensitivity coefficients for all four families of sextupoles, M and D,
are simulated for the Booster lattice using MAD tracking code! (version 8.71). The resulting sensitivity co-

efficients along with the natural chromaticity, x°, are listed below

154 0.15
M= [ ]x 102,
-0.31 -0.53

6.20 1.71
D = X 102, (7)
-1.58 -2.50
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To complete the sextupole strength analysis, outlined by Eq.(6), one has to gain some insight into
the sextupole excitations of the combined function magnets (F and D) and their variation with the B-fieid.
This will be discussed in detail in the next section via magnetostatic simulation for both geometries of the

F and D magnets.

Another independent way of obtaining information about the sextupole excitation of the combined
function maguets comes from the beam measurement. Using available chromaticity measurement? with
both families of correcting sextupoles (h and v) turned off, one can calculate the sextupole excitations of the
F and D magnets at various energies along the ramp. This information could be recovered by solving Eq.(4)

with respect to S, and Sp,. The corresponding expression is given below:

(hobwgel

Since the correcting sextupoles are off, g = 0, the above equation redoces to

S
ot
D

The chromaticity measurements at various energies are illustrated in Figure 3 along with the sex-
tupole excitations curves obtained from these measurements via Eq.(9), with the sensitivity matrix D ob-
tained numerically via MAD as given by Eq.(7). These results will be compared with a magnetostatic calcu-
lation of the effects of pole geometry and remanent magnetization on the sexiupole excitations for the F and

D combined function magnets.
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SEXTUPQLE CONTENT OF THE COMBINED FUNCTION MAGNETS

The bending guide field in the Booster synchrotron is provided by 96 combined function magnets,
each approximately 3 m long. The magnetic field varies from approximately 500 Gauss at injection up to
7000 Gauss at extraction. The magnets are powered in a resonant circuit by a 15 Hz sinusoidal waveform

resulting in a field of the form

B() = Bain +7 (Bonax — Brua) (1~ cos(@v)] . (10)

'The Booster D and F magnets cross-sections® are shown in Figure 4. It should be noted that these
magnets are not mirror images of one another. While the F magnet has a horizontal good field width of 4.3
inch and a vertical aperture of 1.64 inch the corresponding dimensions for the D magnet are 3 inch and 2.25

inch respectively.

One of the technical difficulties in a conventional low energy synchrotron is the field quality degrada-
tion at low energy due to remanent fields, For a sitnple uniform gap configuration, one can easily show, us-

ing Ampere's law, that the remanent field is

B,=—poHe 7 (1D

where g is the pole gap, A is the path in iron and H; is the average coercivity along this path. For a typical
magnet, :;-\ is of the order of 10 — 20 and pg H. is of the order of 1 Gauss. One therefore expects a dipole
field of the order of 10 — 20 Gauss. For the Booster magnets, this might represent 1 — 5% of the bending
field at injection. Aside from the obvious effect on the dipole component of the field, one also expects, be-
cause of the finite extent of the pole face, the remanent magnetization to contribute a negative sextupole

component o the field.

11
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The distinctive characteristic of the remanent magnetization contribution is that it tends to be relatively in-
dependent from the excitation. Therefore, when normalized with respect to the main field, the relative con-
tributions from the remanent magnetization to the magnetic field are expected to gradually be reduced to zero

as the excitation current is increased from its minimum to its maximum value.

Calculations were performed using a standard finite element code (PE2D). The results are presented in
Table 1 and 2. They confirmed the design dipole and focusing strength. Furthermore, higher multipole val-
ues (up to the 24-pole) were also calculated for both F and D magnets. In both tables, the multipoles are
normalized values at 1 inch. For the D magnet, the calculated dipole field was 6.65239 x 102 Gauss with an
excitation of 1518 Ampere-turn and 6.18884 x 10° Gauss for an excitation of 14145 Ampere-turn. For the
F magnet, 8.31474 x 102 Gauss for 1384 Ampere-turn and 7.68313 x 10* Gauss for 12900 Ampere-turn.
Complete magnetic field profiles for both F and D magnets based on the calculated multipole content are il-

lustrated in Figures 5 and 6.

The Booster magnets are operated well below saturation and not surprisingly, the calculations
show that there is no significant dependence of the field harmonics on the excilation current. The magni-
tudes of the dipole and quadrupole components of the field are in excellent agreement with the design values.
The sextupole component (the third row in Tables 1 and 2) can be easily converted into b,, defined in
Eq.(2), simply by dividing them by 2.542 x 104, After conversion, the simulated values of b, in [In~?] are
given as follows: 2.41 x 1075, for the F magnet and -6.24 x 1075 for the D magnet, As explained before,
the sextupole cemponent of the bending magnet magnetic field can be extracted from a beam-based chro-
maticity measurement (see Figure 3). The beam-based (measured) values of b, in [m~?] are listed as: 2.0 x
10~ for the F magnet and —6.9 x 10-5 for the D magnet. One can see that the calculated sextupole compo-

nents at 8 GeV are in good agreement willt the values inferred from chromaticity measurements,

13



Booster F magnet multipoles (x 10%
(normalization radins = 1 inch}

pole Injection Extraction

2 1.00000 x 10* 1.00000 x 104
4 5.62210 x 102 5.62409 x 102
6 1.42220 x 10° 1.55437 x 10°
8 3.38836 x 1072 3.47808 x 1072
10 6.73212 x 10! 6.85997 x 10~!
12 ~4.33973 x 10! -4.36889 x 107!
14 -1.08279 x 10° -1.11523 x 10°
16 6.44508 x 10! 6.84466 x 107!
18 1.17022 x 10° 1.15652 x 10°
20 1.92633 x 107 3.86541 x 10!
22 ~8.00929 x 107! -9.04634 x 10!
24 -2.47537 x 10° -2.37865 x 10°

Table 1

14




Booster D magnet multipoles (x 10%)
(normalization radius = 1 inch)

pole Injection Extraction

2 1.00000 x 104 1.00000 x 104
4 -7.02859 x 10? ~7.02743 x 107
6 -3.91965 x 10° —4.02587 x 10¢
8 ~2.98606 = 107! ~2.95847 % 107!
10 4.49709 % 107! 437877 x 1071
12 2.77620 x 10! 2.70908 x 107
14 8.44590 x 10-? 7.02125 x 1072
i6 —2.13484 = 10! —2.11247 x 10!
18 4.47200 x 102 4.20609 x 1072
20 1.93170 x 107! 2.02255 x 107!
22 -1.16070 x 1072 -9.91963 x 1073
24 -1.73761 x 10! -1.62111 x 10!
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The small difference in b,‘s (0.4 x 103 m~2 for the F magnet and 0.6 x 105 m-2 for the D magnet)
can be attributed to the fact that the sextupole obtained from beam based measurement includes magnet end
contributions, while the magnetostatic calculation is strictly 2-dimensional and it accounts only for the
‘body” contribution to the multipoles. At injection energy (200 MeV), the sextupole components for both

the D and F magnets are more negative than the magnetostatic prediction,

The difference between the values at injection and extraction is to be interpreted as a measure of the
remanent magnetization contribution to the sextupole. These values of remanent sextupole component b, in
[m~2], inferred from Figure 3, are given as follows: 2.7 x 1079, for the F magnet and 4.9 x 1075 for the D
magnet. The information provided by the beam-based measurement is extremely valuable since it is difficult
to calculate remanent magnetization effects. The good agreement between the calculated sextupole compo-
nents and the ones derived from the beam-based chromaticity measurement at 8 GeV makes one relatively

confident that the beam-based chromaticity measurements? are correct.

18



POTENTIAL IMPROVEMENTS TO AIR CORE SEXTUPOLES

It has been suggested to increase the strength of the existing air-core chromaticity correction sex-
tupole magnets by intreducing an external iron shell, This is illustrated schematically in Figure 7. The field
enhancement effect due to an iron shell can be estimated by using the following result: for a filament of cur-
rent located at {p, ¢) inside a circular hole of radius R carved into a medium of relative perineability W the
ity

complex coefficienis Cpe™ ™ — the multipole expansion of the field are given below?

Ce'™  uy [dl p=1 p*7 ing
RT___ZR Pn 1+]1+1 Eﬁe . (12)

For a pure sextupole current layer of inner radius a and outer radius b, with a uniform current density given

by

I3(p,0) = I;cos3d (13)

one can easily carry out the infegration in the right hand side of Eq.(12), which reduces to the following

simple expression

Cy_ podafb-—a u-10b"-4°
=", reh i (14)

Under ideal conditions, i.e. g = eo (4 is about 100 for iron} and a = b = R, the sextupole field could be dou-

bled. More realistically, leta = b <R and t = b — a << R. The above expression, Eq.(14), becomes

G Holat p-1 a°
RI=" .32 1+|,1+1R_6' (15)



Figure 7
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The sextupole field is enhanced roughly by a facior 1 + (%)6. It is probably unrealistic to expect an
enhancement factor larger than 1.5 in a real device. We note that because the exterior field decays faster as
the pole number increases, field enhancement with an iron shell is less effective for a sextupole than for a
dipole magnet. One should also consider a new sextupole magnet design — an iron core sextupole — €. g. a

similar design to the Main Injector sextupole corrector, with the fast cycling feature taken into account.

21



HEAD-TAIL INSTABILITY LIMITS

Following Sacherer's argument® one can generalize a simple formalism describing a wake field driven
coherent betatron motion of a coasting beam to model head-tail instability of the bunched beam. The in-
verse growth-time of the /-th mode is expressed by the following formula

1 _ cefly :
? -— 4nEv RC Zeff + (16)
i
where E = ymc? is the total energy, v is the betatron tune and B is the average beta function. Here, Z,; de-

notes the effective transverse impedance defined as follows

I -~ ;
Zg=T7 1 7ok ZzL(mp)p(mp -y (17
p = -

o0

where w, = ﬁ @, and @, = (p + v)w,. Here, Z, denotes the transverse coupling impedance, I, is the total

current of a bunch of length £ (in time units). The following approach assumes ‘ad hoc’ existence of a
given head-tail mode, I, by imposing specific periodic dependence of the betatron motion with respect to the

longitudinal position, T. The beam power spectrum for a given mode is defined as follows

h{(w)

> blo, - 0,

p:-oo

plw) = (18)

The explicit form of the power spectrum of a sinusoidal mode, as assumed by Sacherer, is given by the fol-

lowing expression

22



1+ (=1Y cos(2e7)
A3 21
[Qovn)? - ¢ + 1)?]

(@) =% a+1) (19)

As discussed in detail in Ref. 6, in order to obtain a substantial effective impedance for relatively
small chromaticities (¥ ~ 10) one has to start with the transverse impedance, which significantly overlaps
wilh the beam spectrum (see Eq.(18)—(19)). We tentatively identified kicker magnets as a possible source of
offending impedance, which possesses the above feature and therefore will contribute substantially to the ef-
fective impedance. There are eight kicker magnets; both injection, extraction and abort kickers located
around the ring. The real part of the transverse coupling impedance of a kicker of half-width a, half-height b
and length L is given by the following analytic expression®

Zolo 1

L
ReZ (@) =350 « (1-cs ) 20)

where for the Booster’s kickers the following list of parameters holds:

Zy =377 Chm
L=2m 21
a=37cm
b=19cm.

The transverse impedance spectrum described by Eq.(20) has a primary maximum centered at frequency o, =
nc/L followed by a set of secondary maxima, The maximum value and the center frequency of the peak,

evaluated according to kicker parameters, Eq.(21), are given by

23



ZoL 1
Re(Z)™ = =& 2 223 x 103 Ohm/m ,
L 4ab g

and (22)

m,:“-f==500MHz.

The inverse growth-time as a function of chromaticity was evaluated for different slow head-tail
modes (=0, 1, 2, 3) according to Egs.(16)-(19). They are illustrated in Figure 8. As one can see, the / = (
mode appears 1o be unstable above transition for small negative chromaticities and might lead to significant
enhancement of coherent betatron motion. The obvious cure to stabilize the dipole mode is to maintain ap-
propriate sign (positive) of the net chromaticity. Otherwise, this potentially offending mode can be effec-
tively suppressed by the active damper system. This efficient cure for the ! = 0 mode obviously does not
work in case of the higher modes, since its feedback system picks up only the transverse position of a
bunch centroid, which remains zero due to the symmetry of the higher modes. Another possible cure espe-
cially effective for the I 2 1 mmodes would involve the Landau damping, e. g. through the octupole-induced
betatron tune spread. Increasing betatron amplitude of initially unstable mode causes increase of the tune
spread, which will eventuoally self-stabilize development of this mode. Here we cansider the sitvation with-
out any active damper system present. Figure 8 shows that a net chromaticity of 7 units would keep stable
two dominant modes (! = 0, 1). Therefore, presented head-tail stability analysis suggests adjusting the net
chromaticity at —7 (+7) units below (above) transition energy. This result will be used as a starting point

for the chromaticity compensation analysis, which will be discussed in the next section.

The above analysis may serve as an effective method of getling useful information about the trans-
verse impedance spectium. If one measured experimentally the growth rate of the dipole mode as a function
of chromaticity, presented formalism would give immediately the absolute value of Re (Z )™ and the lo-
cation of center frequency, o, (see Figure 8). Whether the proposed measurement is feasible is left for fur-

ther discussion,

24
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SEXTUPOLE STRENGTH

Now, one can evaluate the correcting sextupole strength, 8, given by Eq.(4), for each value of b,
taken from Figure 3. This procedure will generate sextupole strength ramps for both families of correcting
sextupoles (h and v). Figure 9 summarizes final sextupole requirements for two useful chromaticity com-
pensation scenarios, namely: 1) net chromaticity in both planes flips sign at transition (from -7 chromatic-
ity units before transition to 7 units above transition), 2) zero net chromaticity is maintained throughout
the whole ramp. In practice, the chromaticity ‘flip’ is done over a finite time interval centered around
transition. Its duration is governed by the inductance of the sextupole power supplies. One knows from the
measurement? how the correcting sextupole strengths depend on the electric current. The scaling for the hor-

izontal and vertical correctors are given as follows

gD =36x10"%1 [Teslaml] ,
and (23)
g0 =31x1021 [Teslaml] ,

where the current, 1, is given in Amperes. Using Eq.(23) one can express content of Figure 9 in terms of

current requirements, which is illustrated in Figure 10.

One can see immedialely, that with the present values of maximum current supplied to the correcting
sextupole magnets (I, = 80 Amperes limited by present power supplies) one could barely compensate
chromaticity at the beginning of the ramp. To carry out proposed compensation scheme above transition
and eventually throughout the entire ramp one would have to apply sextupole fields at the level much ex-
ceeding capability of a present air core sextupole magnet (limited by the maximum current of 280
Amperes), or its upgraded version discussed in one of the previous sections. Without resorting to a new de-
sign of the sextupole corrector, which would accommodate requisite level of performance in the present lay-

out of correcting sextupoles, one of the obvious solutions is to put mare air core sextupoles at various new
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locations. Here, we propose an ‘enhanced layout’ of correcting sextupoles, which is illustrated in Figure 11,
The ideal fully ‘enhanced layout’ assumes that a horizontal sextupole is placed in every short straight sec-
tion (in 24 cells), while the vertical correcting sextupoles are placed, as in the present Booster lattice, in
groups of three in the long straight sections of three equally spaced cells (cell 2, cell 10 and cell 18), plus a
single vertical sextupole placed in every long straight section (in all remaining 21 cells). The above
‘enhanced layout® contains total of 24 horizontal sextupoles (present layout — 12) and total of 30 vertical
sextupoles (present layout ~ 9). All horizontal (vertical) correcting sextupoles are placed in equivalent loca-
tions (with respect to their sensitivity to chromaticity change) in the lattice — the same values of betas and
dispersion functions (see Eq.(5)) in all selected locations. Therefore, the requisite currents illustrated in
Figure 10 will scale down according to the above enhancement ratios. The above fully enhanced correcting
sextupole layout may have to be compromised due to lack of space in some locations. It was pointed out”
that every other short straight section is presently occupied by y,-jump quadrupoles, which will be needed
for transition crossing emittance preservation if coupled-bunch instabilities can be controlled; i.e. transition
is not ‘jumped’ now, because blowing up he longitudinal emitance at transition helps to control the
coupled-bunch problem after transition. It may also be difficult to find extra room in the long straight sec-
tions containing doublets of r.f. cavities. In a realistic sextupole layout, in odder to achieve the desired net
chromaticity compensation, one would have to scale up comecting strengths according to the actual number

of correcting sextupoles {in a linear fashion).
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BOOSTER SEXTUPOLE LAYOUT

Figure 11
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NONLINEARITY CREATED BY SEXTUOPLES - DISTORTION FUNCTIONS ASSESSMENT

The presence of correction sextupoles creates nonlinearity in the Booster lattice. Except near a reso-
nance, this nonlinearity is best described by a set of distortion functions introduced by Collins?. They are
analogous to the beta functions accounting for presence of quadrupoles. The distortion functions come in
five sets (A}, B)), (A, By), (A, B), (A,, B,) and (A_, B_). The A's are in fact derivatives of the B's. The
distortion functions are periodic functions around the ring, they rotate as vectors according to the angles, ¢,
3¢y, 010 20, + Oy, and 29, ~ O,, respectively, where ¢, and ¢y are the horizontal and vertical Floquet
phases. Along a thin sextupole of strength S, defined according to Eq.(1), the B's are continuous, while the

first two A’s and the last three A’s have discontinuities given below?

AA =3B S, (24)
and

" 1 1 i
AA =Zﬁ" ﬁyS, 25

respectively, where B, and B, are the beta functions at the sextupole.

The first-order effect of the sextupoles is a change in the transverse beam profile. Locally, at a posi-
tion along the ring where the beta functions are 3, and By, the horizontal and vertical displacements, Ax and

Ay , of a particle at the edge of the beam are given by!°

Ax_ _ ::;tl [(A35i113(px - Bicos3g, ) - (A181“3(P, - Blcosii(px)] (26)

=

- %‘i [(:ﬁ‘nsin(p+ - B,coscp+) ~ (A_sing_ - B_Cos(p_)] ,
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JA_I}SL = 2 \’ i—" ‘\/ % [(A,,sincp+ - B,,coscp+) + (A_sing_ — B-cosq;_)] , @n
¥

where @, =29, ¢, and @, @y are the instantaneous horizontal and vertical betatron phases. Assuming a
horizontal and vertical normalized emittance of €, = €, = 10x mm-mrad, we vary ¢, and ¢, to find the
maximum extra excursion of a beam particle at the edge of the bunch for every point along the the Booster
ring. Here we consider the ‘enhanced’ sextupole layout ~ 24 horizontal sextupoles at the short straights, 3
vertical sextupoles each at 3 long straights, and one vertical sextupole each at the other 21 long straights.
These sextupole strengths are adjusted to produce horizontal and vertical chromaticities of Xx =Xy = 7 near
extraction. The result is plotted in Figure 12, We see that the maximum extra excursion is only about 0.6

mm horizontally and 0.4 mm vertically,

The second-order sextupole effect is tune dependent on amplitudes, which can be written in terms of

the distortion functions as follows

£ £ - — -
av, = - 3% Z (Bss+3Bys), - 55 Z (B5+B35-2B3) , 28)
and
E - _ - E - — -
av, = - 35 Z (B35 +B.5- 2131$)k - o5 Z‘ (B3-B.5+ ams)k )

where the summations are carried over all sextupoles. With the above described (enhanced) arrangement of

sextupoles, we obtain

<
i

£ E
6.9393 + 399 £ _ 291 =X |
T T

arx) (30)

£ E,
6.6653 - 29.1 % - 121 =X |
n n

<
L4
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where €, and g, are in units of mm-mrad. With emittances of 10x mm-mrad, the tune spreads due to sex-

tupole nonlinearity are only ~ 0.0001 in the horizontal and ~0.0004 in the vertical directions.

For comparison, the above analysis was carried out for the present configuration of correcting sex-
tupoles - 12 horizontal sextupoles at the short straights and 3 vertical sextupoles each at 3 long straights.
Assuming the same net chromaticity compensation at extraction part of the Booster ramp (7 chromaticity
units in both planes), which could be achieved with much stronger iron core sextuople magnets, the result-

ing sextupole tune-shifts are given as follows

€ £
Av, = 91.1 2% - 7782 % |
r n
and 3n
£ £
Av, = - 7782 =2 - 1875 2
n n
With emittances of 10n mm-mrad, the tune spreads due to sextupole nonlinearity are much larger, but stll
acceplable. Similarly, for this case, we vary ¢, and @, 10 find the maximum extra excursion of a beam par-
ticle at the edge of the bunch for every point along the Booster ring. The results, summarized in Figure 13,

show larger excursion of particles in a beam as one may expecl.
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Extra Maximum Particle Deviation in mm
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CONCLUSIONS

Our analysis of the required correcting sextupole strengths, carried out along the momentum ramp
with the measured and simulated sextupole excitations of the combined function magnets, concludes that
maintaining the net chromaticity at the level set by head-tail instability limits requires much stronger sex-
lupoles. The required sextupole strength is at the level, which can no longer be supported by the present
correcting sextupole magnet design. One has to consider either a new iron core sextupole magnet design, or
the upgraded air core magnets placed at all accessible high beta locations — the ‘enhanced’ sextupole layout,
which is proposed in this paper. Quantitative assessment of the effect of the stronger compensating sex-
tupoles on the dynamic aperture, carried out in terms of the distortion functions shows that the requisite
sextupole configuration would not significantly enhance the third order resonance stop-band — the dynamic

aperture remains at acceptable level,
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